Chaotic inflation with curvaton induced running by Sloth, Martin S.
ar
X
iv
:1
40
3.
80
51
v2
  [
he
p-
ph
]  
8 S
ep
 20
14
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While dust contamination now appears as a likely explanation of the apparent tension between the
recent BICEP2 data and the Planck data, we will here explore the consequences of a large running
in the spectral index as suggested by the BICEP2 collaboration as an alternative explanation of the
apparent tension, but which would be in conflict with prediction of the simplest model of chaotic
inflation. The large field chaotic model is sensitive to UV physics, and the nontrivial running of the
spectral index suggested by the BICEP2 collaboration could therefore, if true, be telling us some
additional new information about the UV completion of inflation. However, before we would be able
to draw such strong conclusions with confidence, we would first have to also carefully exclude all
the alternatives. Assuming monomial chaotic inflation is the right theory of inflation, we therefore
explore the possibility that the running could be due to some other less UV sensitive degree of
freedom. As an example, we ask if it is possible that the curvature perturbation spectrum has a
contribution from a curvaton, which makes up for the large running in the spectrum. We find that
this effect could mask the information we can extract about the UV physics. We also study different
different models, which might lead to a large negative intrinsic running of the curvaton.
PACS numbers: 98.80.Cq,98.80.-k
INTRODUCTION
The recent data from the BICEP2 experiment has been
interpreted by the BICEP2 collaboration as the discov-
ery of primordial tensor modes, with a tensor-to-scalar
ratio, r, measured to be r = 0.2+0.07
−0.05 [1]. While such a
large value for the tensor-to-scalar ratio would fit well the
predictions of chaotic inflation with a quadratic potential
[2], this model is in some tension with the Planck data
[3].
The source of the tension of quadratic chaotic infla-
tion model with the Planck data is the prediction of a
large value of r ≈ 0.15 together with a small value of the
running of the spectral index α. If the assumption of a
small running of the spectral index is relaxed, the value
of r found by BICEP2 is not tension with Planck, and
assuming r = 0.2, as found by BICEP2, the Planck data
appear to imply α = −0.02. A running of the spectral in-
dex of this size was already favored by the WMAP7+SPT
data [4].
While the measured value of r is likely to become lower
with better foreground subtraction or better understand-
ing of other systematical issues [5, 6], it is interesting
meanwhile to ask the question, what would it require
from a theoretical point of view to bring BICEP2 and
Planck in better agreement? Naively, the most straight
forward approach would be to modify inflationary sec-
tor itself by allowing for a more nontrivial inflation po-
tential [7] or perhaps a modification of the initial state
[8, 9]. If this is the correct interpretation of the data, it
would be striking because in order to achieve the large
tensor-to-scalar ratio in the first place, we would need a
large field model of inflation, which is sensitive to UV
physics. Therefore, any modification of the inflationary
sector would carry information about the UV completion
of inflation. However, assuming that the source of the
tension between BICEP2 and Planck is not an issue of
estimating systematic errors in either of experiments but
actually contains physical information, one might want
to exclude other possible alternatives before drawing the
strong conclusion that this is new additional information
about the UV completion of inflation. Therefore we will
follow a simple logic. We will assume that the data is
telling us that the minimal monomial chaotic inflation is
the right theory of inflation, and the running is coming
from some other light and less UV sensitive degree of
freedom. As a model, we will as a starting point consider
the case where the curvature perturbation spectrum has
a contribution from a curvaton [10–12]1, which makes up
for the large running in the spectrum.
Models of mixed inflaton-curvaton scenarios has been
consired before in the literature (see f.ex. [15–19] ). How-
ever in [17] it was assumed that both the inflaton and
the curvaton has a simple power law spectrum. This is a
good approximation when there is no running in neither
the inflaton or the curvaton spectrum, but will always
lead to a positive running in the final spectrum α > 0.
Below we will therefore generalize the setup of [17] to the
case where there is a large intrinsic negative running in
the curvaton spectrum.
Curvaton models with a large negative running has
been discussed before in [20, 21] as a possible way of ac-
commodating the claimed running of α = −0.024 in the
WMAP7+SPT data. But while a curvaton model in its
1 For some earlier related work, see also [13, 14].
2pure form would lead to a vanishing tensor-to-scalar ratio
and therefore be ruled out by BICEP2, one might spec-
ulate that it could be a component contributing to the
total curvature perturbation, which however is responsi-
ble for all of the large running implied by the new data,
as we will discuss below.
THE MODEL
We will assume that inflationary part is given by a
model of chaotic inflation with the potential [2]
V (φ) = λm4pl
(
φ
mpl
)n
. (1)
Large field models of inflation, like the model above, are
protected by an approximate shift symmetry, however it
is a challenge to build UV complete models that lead to
this softly broken shift symmetry, since quantum gravity
does not appear to respect continuous global symmetries
(for a detailed review of these arguments see [22] and
see [23–25] for some recent related comments). One can
consider models relying on an axion where the effect of
the symmetry breaking is attempted to be kept under
control by the periodicity of the axion potential. How-
ever, it does not appear that a super-Planckian axion de-
cay constant, as would be required in a large field model
of inflation, is consistent with string theory [26]. Some
model building efforts has been diverted to resolve this
problem, and at present monodromy type models seems
to be a promising direction [27]. It has been argued that
quadratic chaotic inflation can be naturally realized from
a low energy effective point of view in these type of setups
[22, 28]. In addition to these ideas, it has been argued
that within a pure supergravity framework, that essen-
tially all models of chaotic inflation with n > 0 can be
constructed [29–31], and models with n > 2 motivated
by a superconformal approach to supergravity was put
forward in [29–31].
The BICEP2 result for the measured value of r fits
with the simple quadratic model of chaotic inflation, but
a large running was suggested to obtain better agreement
with Planck. While it may be that the corrections to the
quadratic potential could become important, and carry
nontrivial information about the UV completion, it may
be important to check if other physics, separate from the
UV sensitive large field inflaton potential, can affect such
conclusions.
This motivates our study of whether it is possible that
the large running of the spectral index can be induced by
a curvaton with sub-Planckian field values.
We therefore consider the case where the scalar curva-
ture perturbation spectrum is formed as a linear combi-
nation of two uncorrelated contributions from the the
inflaton and the curvaton respectively. This can be
parametrized as [17]
P (k) = As
[
(1− f)
(
k
k∗
)(ninf−1)
+ f
(
k
k∗
)(nσ(k)−1)]
,
(2)
where we have allowed for an intrinsic running in the
curvaton spectrum, by making nσ scale dependent. As
mentioned above, it was shown in [17], that if we do not
allow for an intrinsic running of either the inflaton or
the curvaton spectrum, the induced running of the total
spectrum is always positive. Here will relax the assump-
tion of ignoring the intrinsic running in the curvaton,
and consider the possibility that an intrinsic running of
the curvaton can induce a negative running in the final
spectrum.
If the fraction of the curvaton component is small f <<
1, the prediction of the tensor-scalar ratio from chaotic
inflation remains almost intact, and would have
r = (1− f)16ǫ (3)
where ǫ = n/(4N∗) and N∗ ≈ 55 is e-foldings left of
inflation when the observable modes exits the horizon.
The spectral index of the total curvature perturbation
is given by
d lnP (k)
d ln k
= ns − 1 (4)
and the running is defined as
dns(k)
d ln k
= α . (5)
For convenience we will also define the intrinsic running
of the curvaton as
dnσ(k)
d ln k
= ασ , (6)
while we will ignore the intrinsic running of the inflaton.
By Taylor expanding (2) above around some pivot scale
k∗, we obtain
ns − 1 = ninf − 1 + f(nσ − ninf ) . (7)
On the other hand, assuming (ninf −1)2 ∼ (nσ−1)2 <<
ασ, we find for the running
α ≈ fασ (8)
Thus with f ≈ 0.4, then on the scale k∗ with ασ ∼
−0.02, one would find α ≈ −0.01 and for chaotic inflation
with the quartic potential V (φ) = λφ4 one would obtain
r ≈ 0.2. Thus these parameters naively seems to be in
simultaneous agreement with both BICEP and Planck.
The amplitude of the curvaton perturbation is
P σζ = r
2
dec
1
9π2
H2∗
σ2∗
(9)
3where ∗ denotes the time at which CMB scales left the
horizon, and rdec is the curvaton fraction of the total
energy density at time of decay. Thus in order for the
curvaton perturbation to be a fraction f of the total cur-
vature perturbation as measured by Planck [3]
Pζ ≈ 2.2× 10−9 (10)
with H∗ = 1.1 × 1014 GeV fixed by requiring r = 0.2 as
measured by BICEP2, we need
σ∗ ≈ 0.02 rdec
f1/2
mpl . (11)
Thus, if we take rdec ≈ 0.1, then with 0.1 <∼ f 6 1, the
curvaton field value stays two orders of magnitude below
the Planck mass.
Assuming the curvaton is light, one may still worry
how the curvaton gets displaced so high up in its poten-
tial initially compared with the Hubble scale. However,
we note that the initial field value of the curvaton roughly
corresponds to the GUT scale around 1016 GeV. Thus, it
is natural to believe that a phase transition around the
GUT scale might have initially displaced the curvaton in
its potential. Since the observable part of inflation also
happens near the GUT scale, the curvaton might have
been displaced just before the last 55 e-folds of inflation,
which could explain the relatively high value for the ini-
tial curvaton field. Another possibility is that inflation is
long and the dispersion of the field is given by the equi-
librium value, which will imply that a typical field value
is σ∗ ∼ H2/m, which for m ∼ 0.01H again will give the
correct vacuum expectation value.
Since the curvaton component is non-Gaussian, there
is also a possibility that the total curvature perturba-
tion will have a non-Gaussian component. The non-
Gaussianity can be estimated by writing
fNL ≃
〈
ζ3σ
〉
〈
ζ2inf
〉2 =
〈
ζ2σ
〉2〈
ζ2inf
〉2
〈
ζ3σ
〉
〈ζ2σ〉2
(12)
where it is well known that for rdec << 1 [32]〈
ζ3σ
〉
〈ζ2σ〉2
=
5
4rdec
, (13)
and one will obtain
fNL =
5
4
f2
rdec
. (14)
Thus, with the numerical examples 0.1 < f < 0.5 and
rdec ≈ 0.1, we obtain 0.1 < fNL < 2 consistent with
current upper bounds.
As a consequence of the above observations, it is in-
teresting to consider if there are curvaton models, which
self-consistently can lead to a large intrinsic negative run-
ning. In the light of the large negative running of the
spectral index previously indicated by the SPT data [4],
models of this type has already been explored to some
extend in the literature [20, 21]. Below we will explore
some new aspects of how one can achieve a large intrinsic
negative running.
CURVATON WITH LARGE NEGATIVE
INTRINSIC RUNNING
In order to illustrate in a simplified manner how one
can have a large negative intrinsic running of the cur-
vaton, let us consider for a moment the limit where
we can treat the Hubble rate as a constant and take
ǫ << V ′′/H2, where V ′′ = ∂2V/∂σ2. If we have the
situation where the field, σ, is only gravitationally cou-
pled to other fields, then in this approximation we have
nσ − 1 ≈ 2
3
V ′′
H2
(15)
ασ ≈ −2
9
V ′V ′′′
H4
(16)
where for a simple polynomial potential we have V ′V ′′′ ∝
V ′′2, and thus the running will be ασ ∝ (nσ − 1)2, and
therefore it is hard to achieve a large running in this sim-
ple case. Relaxing the assumption ǫ << V ′′/H2 com-
plicates the argument slightly, but does not change this
conclusion. Below we will therefore consider two differ-
ent ways to circumvent the assumptions that led to this
pessimistic conclusion. First we will consider the case
where the potential has an explicit dependence on a sec-
ond fast-rolling scalar field, and by proxy this induce a
large time dependence in the mass of σ, which leads to
a large running of its spectral index. Second we consider
the case where the potential is not on a polynomial form,
but periodic instead.
EXAMPLE 1: RUNNING BY PROXY
Here we will explore the idea that a large intrinsic run-
ning of the curvaton could be obtained by making the
curvaton mass depend on a fast-rolling proxy field. Let
us assume that there is an additional test scalar field, χ,
present during inflation. We will then assume that the
potential, V (σ), is having a logarithmic correction from
the additional scalar given by
V (σ) =
1
2
m2σσ
2 − 1
2
∆m2σ log(χ/χ0)σ
2 , (17)
and the potential for χ is
V (χ) = V0 − 1
2
m2χχ
2 . (18)
Assuming that ∆m2σ log(χ/χ0)σ
2 << m2χχ
2, the equa-
tion of motion for the additional scalar is
χ¨+ 3Hχ˙ = m2χχ . (19)
4Following [34], one can assume χ = χ0e
iωt, which implies
ω = i(3H/2 ±
√
9H2/4 +m2χ), which gives the fast-roll
solution
χ = χ0e
F (mχ/H)Ht , (20)
where F (m2χ/H
2) =
√
9/4 +m2χ/H
2 − 3/2 and in the
limit mχ >> H , F (m
2
χ/H
2) ≈ mχ/H . Assuming also
for simplicity also ∆m2σ log(χ/χ0) << m
2
σ, we have that
the spectral index for the σ field is
nσ − 1 = −2ǫ+ 2
3
V ′′
H2
(21)
= −2ǫ+ 2
3
m2σ
H2
(
1− ∆m
2
σ
m2σ
log(χ/χ∗)
)
≈ −2ǫ+ 2
3
m2σ
H2
.
Now using that d log k = Hdt and time derivatives
of slow-roll parameters are order slow-roll parameters
squared, we have
ασ =
dnσ
d log k
≈ −F ∆m
2
σ
H2
. (22)
Since we assumed that χ is in the fast-roll regime
mχ >> H we can easily have ασ ≈ −0.02 even when
∆m2σ << m
2
σ << H
2. Since both the curvaton, σ, and
the proxy field, χ, gives a subdominant contribution to
the total energy density, we can for simplicity assume
ρσ ≈ ρχ << ρφ. This implies that m2χχ2 ≈ m2σσ2,
so the constraint ∆m2σ log(χ/χ0)σ
2 << m2χχ
2 will also
automatically be satisfied if ∆m2σ log(χ/χ0) << m
2
σ is
satisfied.
However, the challenge is to keep the proxy field in
fast-roll for sufficiently many e-folds. In order to have
a constant running during the approximate 8 e-folds of
inflation when the CMB modes exit the horizon, we need
the proxy field to keep fast rolling during 8 e-folds. The
number of e-folds during which the proxy field is fast-
rolling is given by
N =
1
F
log
(
χ∗
χ0
)
(23)
where χ0 is the initial value of χ, and χ∗ is the final
value of χ at the end of the fast-roll regime. Since the
fluctuations of the proxy field is of order δχ ≃ mχ/2π,
it was estimated [34] it was estimated that the smallest
possible value if χ0 ≃ mχ/10. Similarly, if we assume
that the potential energy of χ is positive definite, then
the fast-roll approximation will have to breakdown when
(1/2)m2χχ
2 ∼ V0, which implies χ∗ ∼
√
V0/mχ. Using
V0 << H
2, we then have
N <∼
1
F
log
(
1
H
H2
m2χ
)
. (24)
Now it is clear that in the limit mχ >> H where we have
F ≈ mχ/H , we have that H needs to be exponentially
small for N > 1 to be allowed. So while this limit could
work for generating a large negative running in low scale
inflation, it will not work if the BICEP2 result is correct
and H ≈ 10−4. In this case we need to consider instead
more moderate situations with mχ ∼ H . We will for
illustration consider two numerical examples. We will
consider the cases where mχ/H = 1 and m
2
χ/H
2 = 10.
With F−1(1) = 3.3 we have
N <∼ 3.3 log
(
1
H
)
≈ 30 , (25)
and with F−1(10) = 0.5 we have
N <∼ 0.5 log
(
0.1
H
)
≈ 3.5 , (26)
where we used H ≈ 10−4. Thus with mχ ≈ H , we can
sustain the running of a sufficient amount of e-folds, even
with H ∼ 10−4, but if the BICEP2 result turns out to be
incorrect and H is very low, then we can sustain a large
running even with mχ >> H .
Assuming that F ≈ 1, then α = −0.02 will re-
quire ∆m2σ/H
2 ≈ 10−2. At the end of the fast-roll
regime log(χ∗/χ0) <∼ log(H/m2χ), so the requirement
m2σ & δm
2
σ log(χ∗/χ0) implies for 1 < m
2
χ/H
2 < 10 and
H = 10−4 that 0.1 & m2σ/H
2 & 0.07 which appears to
be on the borderline of the acceptable in order not to
destroy the flatness of the potential.
EXAMPLE 2: CURVATON AS AN AXION
In [20] a modulation of the curvaton potential on the
following form was considered
V (σ) = V0(σ) + δV (σ) (27)
where the modulation of the curvaton potential is given
by
δV (σ) = Λ(1− cos(σ/fσ)) . (28)
Since the field value of the curvaton, σ∗, is at least two
orders of magnitude below the Planck scale, even V0(σ)
could be taken to have the periodic form V0(σ) = Λ0(1−
cos(σ/f˜σ)) with a sub-Planckian decay constant fσ <<
f˜σ << mpl. As discussed in [20], such a potential could
be generated by an axion2 coupling to two different gauge
fields, or by a complex scalar field with an approximate
global U(1) symmetry that gets spontaneously broken
in the context of SUSY with discrete R symmetry. For
2 Some earlier examples where the string axion was considered as
a possible curvaton candidate are [10, 33].
5generality we will here keep the potential V0 unspecified,
and using the equation of motion for the curvaton
3Hσ˙ ≃ −V ′0(σ) (29)
it was shown that one can express the axion decay con-
stant, fσ, in terms of number of e-foldings, ∆N , giv-
ing one period of the modulation induced by δV (σ), and
V ′0(σ∗),
fσ =
1
2π
V ′0(σ∗)
3H2∗
∆N . (30)
We note that for a small curvaton massm2σ ≡ V ′′0 << H2∗
and using V ′0(σ∗) ∼ V ′′0 (σ∗)σ∗ = m2σσ∗, the axion decay
constant is indeed small fσ << mpl.
Using from3 [20]
ασ ∼ 2π
∆N
(nσ − 1) (31)
where ∆N/2 > 8 is needed to a maintain a relatively
constant running over the CMB scales, one obtains by
taking nσ − 1 ≃ 0.05 and ∆N ≈ 16
ασ ≈ −0.02 . (32)
Since we have α = fασ, then in order to have a large α,
we do not want to choose too small a curvaton fraction.
A large curvaton fraction however means decreased value
of r, so to keep r large enough to match BICEP, we might
want to take as an example a quartic potential, n = 4,
with a 50% curvaton mix, f = 0.5, which gives
α ≈ −0.01 , r = 0.15 (33)
while a slightly smaller curvaton mix would give slightly
larger r, but also slightly less running. For instance a
40% curvaton mix, f = 0.4 would give α ≈ −0.008 but
r = 0.2. Likewise running can be increased by lowering
r further from r = 0.15.
Constraints from gauge field production
While we have shown that the non-Gaussianity com-
puted in (14) can be assumed to be small with a suitable
choice of parameters, there is an additional new potential
source of non-Gaussianity in the axion curvaton model.
3 In ref. [20] the approximation of a constant Hubble rate, H,
during inflation was used, and it was pointed out that for large
field models of inflation the change in H during inflation could
change these estimates. However, since the change in H is still
small over the few e-foldings when the observable modes exits the
horizon, we will assume that this effect will only be a subleasing
correction.
The axion will typically have a CP violating coupling to
gauge fields of the form
Lint = λ σ
fσ
FF˜ , Lint = λ σ
f˜σ
GG˜ (34)
where F and G are the field strengths of two different
gauge groups. In the case where inflaton itself is assumed
to be an axion with similar couplings to gauge fields, it
has been studied in a series of papers how a resonant
production of gauge fields can lead to large non-Gaussian
features inconsistent with observations. Here will discuss
the similar constraints in the curvaton case, and show
that a similar effect can possibly lead to a new source of
non-Guassianity in the axionic curvaton case.
In order to have a resonant production of gauge fields,
the curvaton must be relative strongly coupled to the
gauge fields. Let us therefore ignore the weaker coupling
given by f˜σ and consider for a moment the effective La-
grangian
Leff = −1
2
(∂σ)2−V (σ)− 1
4
FµνF
µν−λ σ
fσ
Fµν F˜µν . (35)
Introducing the vector potential Aµ and choosing the
Coulomb gauge with A0, the equation of motion for the
spatial part of the vector potential is(
∂2
∂τ2
−∇2 − λ σ
′
fσ
~∇×
)
~A = 0 , ~∇ · ~A = 0 (36)
where τ is conformal time and prime denotes derivatives
with respect to conformal time. Now expanding the vec-
tor field into annihilation and creation operators
~ˆA =
∑
ρ=±
∫
d3k
(2π)3/2
[
~ǫλ(~k)Aρ(τ,~k)a
ρ
~k
ei
~k·~x + h.c.
]
(37)
and defining the polarization vectors such that ~k ·~ǫ± = 0,
~k × ~ǫ± = ∓i|~k|~ǫ±, the equation of motion for the two
polarizations of the vector field takes the form
d2
dτ2
A±(τ, k) +
[
k2 ± 2k ξ
τ
]
A±(τ, k) = 0 , (38)
where one conventionally defines
ξ ≡ λσ˙
2fσH
(39)
in the approximation where σ˙ ≈ constant.
In the case where ξ & 1 it has previously been demon-
strated that the A+ mode will be resonantly amplified
when 1/(8ξ) <∼ − kτ <∼ 2ξ, and one finds in this regime
[35]
A+(τ, k) ≈ 1√
2k
(
k
2ξaH
)1/4
eπξ−2
√
2ξk/aH (40)
6which shows an exponential enhancement of A+ by the
factor eπξ, while A− is not amplified and can be ignored.
Since the axion couples directly to the gauge field
through the coupling (34), the resonant amplification
of the gauge field can affect the correlation functions of
the axion at the loop level and source a significant non-
Gaussian component, as we will discuss below.
Let us consider the perturbation of the axion around
its homogenous background, and write σ(τ, ~x) ≡ σ(τ) +
δσ(τ, ~x). Then the equations of motion for the back-
ground become
σ¨ + 3Hσ˙ + V ′(σ) =
λ
f
〈
~E · ~B
〉
3H2 =
1
2
φ˙2 + V (φ) +
1
2
〈
~E2 + ~B2
〉
(41)
where ~B = a−2~∇ × ~A and E = −a−2 ~A′. Us-
ing the solution (40) one can show that
〈
~E · ~B
〉
≃
−2.4 · 10−4(H/ξ)4 exp(2πξ) and 12
〈
~E2 + ~B2
〉
≃ 1.4 ·
10−4(H4/ξ3) exp(2πξ). This implies that we expect the
effect of the gauge fields on the background evolution to
be negligible only when [35]
H2
2π|σ˙| << 13ξ
3/2e−πξ
H << 146ξ3/2e−πξ (42)
where for H ≃ 10−4 the second constraint implies ξ <
5.3. Now let us consider the first constraint above within
the same parameter region. Assuming backreaction is
small then we have for mσ << H that 3Hσ˙ = V
′(σ) ≈
Λ0/f˜σ sin(σ/f˜σ) < Λ0/f˜σ it follows that for the choice
mσ/H <∼ 10−2 and H ∼ 10−4, then H2/(2π|σ˙|) & 1, and
the first constraint is never satisfied for any ξ & 1. Thus,
in order to avoid backreaction issues we will need to take
ξ < 1 (43)
such that the gauge fields are not enhanced.
The backraction constraint (43) is equivalent to
fσ &
λ
2
σ˙
H
(44)
which when combined with (30), and using again 3Hσ˙ =
V ′(σ), gives
λ <∼
∆N
π
. (45)
Thus in models where λ is large (for such models see ap-
pendix B of [35]), one will generically have backreaction
issues which would invalidate the analysis of [20] leading
to (31). On the other hand it is not a problem from a
fundamental point of view to have λ < 1 (which may in
fact be theoretically preferred). Finally one should also
mention the possibility that the background dynamics of
the curvaton is determined by the backreaction effect of
the gauge field itself, which in the case of the inflaton is
known to able to provide a slow-roll solution. We expect
the same would in principle be the case here, although it
is beyond the scope of the present paper to analyze this
situation in details.
Let us finally consider the generalization of the back-
reaction constraint on the axion as a curvaton to the case
where parts or all of the BICEP2 signal can be explained
by dust as indicated by [5, 6]. In this case we obtain in-
stead the more general lower bound H2/(2π|σ˙|) & 104H ,
while 13ξ3/2e−πξ > 10−2 for moderate values 1 < ξ < 3.
Thus only a slight decrease of the Hubble rate during in-
flation will allow for interesting values of 1 < ξ < 3. For
these values of ξ the effect of the gauge field production
on the perturbations can be relevant. To see this, we
note that the equation for the axion perturbation takes
the form (
∂2
∂τ2
+ 2
a′
a
∂
∂τ
−∇2 + a2V ′′
)
δσ =
a2
λ
fσ
(
~E · ~B −
〈
~E · ~B
〉)
(46)
which was solved in [36, 37] by writing the solution as a
sum of the approximately Gaussian homogenous solution,
and a non-Gaussian particular solution quadratic in the
Gaussian gauge field fluctuations
δσ(τ, ~x) = δσhom.(τ, ~x) + δσpart.(τ, ~x) . (47)
The calculation of δσpart.(τ, ~x) follows identically to the
inflate case, and we therefore omit the details of the cal-
culation, but just give the result obtained in [36, 37]
〈δσkδσk′〉 =
〈
δσhom.k δσ
hom.
k′
〉
+
〈
δσpart.k δσ
part.
k′
〉
= Pδσ(k)
(
1 +
H2
2π|σ˙|f2(ξ)e
4πξ
)
(48)
where to good approximation f2(ξ) = 7.5 · 10−5/ξ6.
From the lower bound H2/2π|σ˙| > (3/2π)H(H/mσ)2,
we can obtain lower bound on the non-Gaussian contri-
bution to the curvaton perturbation form the gauge field
production as a function of H , mσ and ξ. For illustra-
tion, let us consider an example with H = 10−8, such
that the backreaction constraint can easily be satisfied
for moderate values of ξ > 1, and let us also assume like
beforemσ ≈ 0.01H . Then we haveH2/2π|σ˙| & 10−4 and
the non-Gaussian correction becomes important already
for ξ ≈ 1.5. Using now that
ξ ≃ λ
6
m2σ
H2
f˜σ
fσ
(49)
where we assumed like in [20] that σ ≈ f˜σ. Using also
from [20] that f˜σ/fσ = 10
4, we see that for this choice
7of parameters, only for λ > 9 there is significant non-
Gaussian contribution, even if the scale of inflation is very
low. It was shown in [37] that this contribution will have
nearly equilateral shape, which makes it an interesting
example of a curvaton model with large non-Gaussianity
in a different shape than the squeezed limit, which is the
expected shape from the usual contribution from (14).
CONCLUSION
Since large field models are sensitive to UV physics,
the nontrivial running of the spectral index suggested
by the BICEP2 collaboration could be telling us some-
thing new about the UV completion of inflation, if this
interpretation of the data should turn out to hold up in
the future. However, before drawing such strong conclu-
sions, we explored the possibility that the curvature per-
turbation spectrum has a contribution from a curvaton,
which makes up for the large running in the spectrum.
This could relax the tension of chaotic inflation with the
Planck data while still be in accordance with the BICEP2
result, and it could be accommodated by a new degree of
freedom, which is less sensitive to the UV physics com-
pared to accommodating the running by a direct modi-
fication of the inflaton potential. It turns out that the
possibility of a curvaton component might actually mask
the information we can extract about UV physics by al-
lowing λφ4 in addition to m2φ2 as a monomial chaotic
inflation model consistent with the data. On the other
hand a non-Gaussian component consistent with obser-
vations, but with fNL of order one, would be a feature
of such models and enable us to discriminate between
single field model with negative running and the model
presented here, where negative running comes from the
intrinsic running of the curvaton component. We further
explored in more details two example mechanisms of how
a large negative intrinsic running of the curvaton might
arise. In the first model the mass of the curvaton varies
in time due to a third fast rolling proxy field, which leads
to a large running of the spectral index of the curvaton
through its η parameter. The second model we studied,
is a model known already in the literature. In this model
the curvaton is an axion and the periodic nature of the
potential allows for the large negative intrinsic running
[20]. We checked if backreaction from gauge field produc-
tion could be a problem in this model, but as long as the
dimensionless parameter λ is less than one (as expected
in the most simplest cases) or if the scale of inflation
is lowered, there is no problem with backreaction. For
completeness we then discussed the possibility of hav-
ing a new signature of non-Gaussinity with equilateral
shape in the curvaton model when the scale of inflation
is lowered, and the BICEP2 result is not explained by
primordial tensor modes.
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